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A New Twist in the Saga Minireview
of Charge Movement
in Voltage-Dependent Ion Channels
voltage-gated channels and contribute to the gating
module that senses the membrane potential and trans-
mits this information to the activation gate.
Compelling evidence that S4s are voltage sensors
comes from two distinct types of experiments. First,
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neutralizing basic residues in S4 segments reduces the
number of gating charges, i.e., charges coupled to the
opening of the gates (Aggarwal and MacKinnon, 1996;Voltage-dependent ion channels are exquisitely sensi-
Seoh et al., 1996). Second, the aqueous accessibility oftive to membrane potential, so much so that a depolar-
cysteines or histidines substituted into S4 segmentsization of only 10 mV can cause a 100-fold increase of
changes in a voltage-dependent manner (reviewed byopen probability (Schoppa et al., 1992; Hirschberg et
Yellen, 1998; Bezanilla, 2000). The accessibility experi-al., 1995). This athletic feat requires the energetic cou-
ments (e.g., Figure 1C) indicate that S4 segments trans-pling of channel opening to the movement of at least
locate their positive charges from intracellular to extra-12 elementary charges across the membrane electric
cellular compartments, and therefore through the electricfield. These charges reside in specialized structures of
field, when a channel is depolarized, as expected for athe ion channel protein known as voltage sensors, four
voltage sensor.of which are found in calcium, sodium, and potassium
As icing on the cake, we now have evidence for volt-channels. The main component of the voltage sensor is
age-dependent movement at the extracellular ends ofthe S4 segment. This is the only transmembrane seg-
the S4 segments. Fluorophore-tagged S4 segmentsment that is appreciably charged in voltage-gated ion
change the intensity of fluorescence emission in a volt-channels; S4 segments contain from two to eight posi-
age-dependent manner (Mannuzzu et al., 1996). The ki-tively charged residues, typically separated from one
netics and voltage dependence of this process are simi-another by two neutral residues.
lar to what is observed in the gating currents of theTwo unanswered questions currently captivate re-
searchers studying voltage-gated ion channels. How channels, suggesting that conformational changes on or
does the S4 segment move its charges across the mem- near the S4 segment underlie voltage-dependent charge
brane electric field, and how is this movement coupled movement.
to the gates that control access to the highly selective How Are S4 Charges Translocated?
permeation pathway? Until very recently we were almost One of the surprising insights from the accessibility
clueless about the answers to both of these questions. studies is that, although S4 segments are true trans-
However, two papers in the December 16 issue of Nature membrane segments, most of their residues are acces-
(Cha et al., 1999; Glauner et al., 1999) offer a provocative sible to the aqueous solutions bathing either the extra-
claim in answer to the first question: S4s transfer their cellular or the cytoplasmic sides of the channel protein
charges by rotating. The main purpose of this minireview (Figure 1C). This means that the hydrophobic region of
is to evaluate this claim and consider alternatives. The the protein through which the S4 moves, sometimes
answer to the second question remains a mystery, but called the gating pore, is considerably shorter than the
I will discuss some possibilities below. thickness of the bilayer (z45 AÊ ). Therefore, aqueous
Evidence that S4 Is a Voltage Sensor vestibules must largely surround the S4 segment. The
a subunits contain all the machinery necessary for volt- short gating pore insures that only a small movement
age-dependent gating, namely the three critical compo- of the S4 segment is required to produce significant
nents of voltage-gated ion channels: voltage sensors, charge translocation.
gates, and a selective permeation pathway. The a sub- Most of the molecular models of gating assume that
unit of the potassium channel has six transmembrane the S4 segment is an a helix, an assumption supported
segments, S1±S6 (Figure 1A). Four a subunits assemble by results in three papers that used completely different
around a central axis that is a water-filled pathway (the methodologies (Peled-Zehavi et al., 1996; Yang et al.,
pore) for movement of permeant ions across the mem- 1997; Li-Smerin et al., 2000). However, even if S4 seg-
brane (Figure 1B). By contrast, the a subunit of a sodium ments have a helical structure, there is no experimental
or calcium channel is a single polypeptide made of four evidence that this secondary structure is maintained
homologous domains, each with its six transmembrane during charge translocation across the membrane elec-
segments. tric field. An a helix may form and unravel at blazing
We have a pretty good idea of the molecular identities speed in aqueous solution (,1025 s; Schwartz, 1965).
of the pore and the activation gate that opens when However, the S4 segment in its constrained environment
a channel is depolarized. The pore is lined by the S6 may find such conformational changes energetically un-
segments and the loops between S5 and S6 (Doyle et palatable. Therefore, I will assume that S4s are relatively
al., 1998), and the activation gate is likely to be made rigid a helices with diameters of z10 AÊ . If the remaining
of the cytoplasmic ends of the four S6 segments (re- transmembrane segments form the gating pore, and if
viewed by Yellen, 1998). The remaining four transmem- they are also a helices, then all of them (S1±S3, S5, and
brane segments, S1±S4, are highly homologous among S6) are needed in each subunit or domain to completely
surround the S4 segment (Figure 1B). This may be the
reason that voltage-dependent channels have so many* E-mail: richard.horn@mail.tju.edu.
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channels rotate in response to a depolarization, perhaps
without any translation. This intriguing possibility is
somewhat obscured, however, by the fact that the ex-
perimental results of the two papers are almost com-
pletely contradictory! To try to resolve the apparent dis-
crepancies and provide a stage for understanding these
seminal studies, I engaged several of the authors (P.
Bezanilla, U. Isacoff, and P. Selvin, personal communi-
cation) in detailed discussions that contributed to the
text that follows.
Both studies estimate distances between identical
residues in different subunits from the resonance energy
transfer between two fluorophores, one acting as a do-
nor and the other acting as an acceptor. Individual resi-
dues were mutated to cysteine, the channels were ex-
pressed in oocytes, and appropriate fluorophores were
attached covalently to these cysteines. Because the en-
ergy transfer between an excited donor in one subunit
and an acceptor in another is so sensitive to distance,
it is possible to measure distance changes of ,1 AÊ , if
all relevant parameters are known with some degree of
accuracy. There were two objectives in these studies:
to measure distances between identical residues in dif-
ferent S4 segments of the same channel, and to examine
how these distances are affected by the membrane po-
tential.
Although both studies used energy transfer to esti-
mate distances, they used quite different methods. ChaFigure 1. Topology and Accessibilities of Transmembrane Seg-
et al. (1999) measured the effect of an acceptor, fluores-ments
cein, on the lifetime of the excited state of the donor, a(A) Putative transmembrane topology of the a subunit of a Shaker
caged terbium. Glauner et al. (1999) estimated distancepotassium channel.
(B) Cross section through a voltage-gated ion channel in the plane from the effect of an acceptor, tetramethylrhodamine,
of the membrane, showing that the S4 segments in each subunit or on the rate of photobleaching of the donor, fluorescein.
domain are likely to be surrounded by all other transmembrane The rate of photobleaching is proportional to the mean
segments. The relative positions of S1±S3 are not known and may
lifetime of the donor's excited state.change depending on the depth of the cross section due to the
Three sets of results support the idea that depolariza-unknown tilt angles between the helices.
tion makes S4s rotate. The first comes from distance(C) Voltage-dependent accessibilities of individual S4 residues from
the fourth domain of a sodium channel. The bold residues (R1, R2, measurements using three consecutive residues in the
etc.) are the basic S4 residues numbered sequentially. Each of these S3±S4 linker, namely S351, S352, and N353 (the first
charged residues is separated by two neutral residues. For this residue of the S4 proper is in the vicinity of L358). In
isoform of sodium channel, R1 and R2 are R1448 and R1451, respec- both studies labeled S352C shows no voltage-depen-
tively. The shaded areas cover inaccessible residues at either hyper-
dent change of distance with respect to the same resi-polarized (left) or depolarized (right) voltages. Uncovered residues
due in other subunits. However, depolarization makesare accessible either from the extracellular or intracellular aspect
the flanking residues move in opposite directions. Figureof the protein. Based on published (Yang et al., 1996, 1997) and
unpublished results from my laboratory. 2A shows how a 1808 rotation could do this, based on
the z1008 angle between the side chains of consecutive
residues of an a helix. In this example, taken from the
transmembrane segments, given the unlikely possibility Cha et al. (1999) paper, S351 residues (black) will move
that one face of the S4 segment has its charged residues apart during depolarization, N353 residues (white) will
buried in hydrophobic lipid. move closer together, and S352 residues will maintain
If S4 and its surrounding helices are relatively rigid their distance.
bodies, there are three types of S4 movement that could A second result that supports a rotational movement
underlie an outward charge movement: outward transla- of S4 segments concerns residue 346. The labeled resi-
tion (like a hot dog sliding through a bun), changes in tilt dues S346C move apart by 3.2 AÊ when depolarized,
angles of interacting helices (Yellen, 1998), and rotation and the distance approximately follows the monotonic
along S4's helical axis. All three types of movements voltage dependence of charge movement, i.e., the Q±V
have been reported in structural studies of other pro- curve (Cha et al., 1999). This is inconsistent with a signifi-
teins. The helical screw model (Catterall, 1986; Guy and cant translational movement perpendicular to the plane
Seetharamulu, 1986) is a combination of translation and of the membrane, which would tend to produce a maxi-
rotation. mum in distance at intermediate voltages (Cha et al.,
Until recently it was not possible to distinguish these 1999). One problem with this result is that S346 is z12
alternatives. However, the two papers that inspired this residues from the S4 segment, and its movement may
minireview (Cha et al., 1999; Glauner et al., 1999) both not be the same as that of the S4 segment. Furthermore,
a helical wheel plot shows that S346 lies within z208 ofsuggest that the S4 segments of Shaker potassium
Minireview
513
Cha et al. (1999) is the precision of its determination of
distance between the fluorophores. An accurate mea-
surement of distance requires an accurate estimation
of R0, the characteristic transfer distance between the
donor and acceptor molecule. R0 depends on the relative
orientation and microenvironment of donor and ac-
ceptor. In energy transfer the estimated distance be-
tween donor and acceptor depends linearly on R0, which
itself must be estimated for each residue at each voltage
examined. The problem of fluorophore orientation is
minimized in the study of Cha et al. (1999), in part be-
cause terbium emission is unpolarized (Selvin and
Hearst, 1994). Other unique properties of terbium lumi-
nescence significantly minimize the uncertainties in esti-
mating distance (Selvin and Hearst, 1994). In support of
this accuracy, Cha et al. (1999) determine within 1 AÊ the
distances between pore residues, based on a compari-
son of Shaker with the crystal structure of a bacterial
potassium channel (Doyle et al., 1998). Another advan-
tage of this study is that the same oocyte could be used
to measure energy transfer at different voltages. This
was not possible in the other study, where the donor
Figure 2. Models of S4 Rotation was photobleached at each voltage. One advantage of
the methods used by Glauner et al. (1999), however, is(A) The effect of a 1808 rotation on distances between three consecu-
tive residues of an a helix. Depolarization moves S351 (black) resi- that all measurements were based on changes in the
dues apart and N353 (white) residues closer together without affect- voltage-dependence of fluorescence, and therefore
ing the distance between S352 (gray) residues (Cha et al., 1999). were minimally contaminated by background fluores-
(B) Rotation of S4 translocates the four most extracellular charged
cence. Another advantage of this study is that theresidues from an intracellular to an extracellular vestibule. A single
voltage-dependent movement of more residues wasa subunit is shown tilted toward the central axis. The extracellular
explored, lending confidence to the helical pattern ob-compartment is above (Glauner et al., 1999).
served.
How could these technical differences produce suchN353. Yet depolarization moves S346 residues apart,
different results? There are several possibilities, threewhile moving N353 residues closer together (Cha et al.,
of which I'll mention. First, distance in both studies is1999), a result inconsistent with a helical secondary
measured between whale-sized fluorophores (on the or-structure between these residues. Taken at face value,
der of 1000 AÊ 3) that are attached .7 AÊ from the cysteine
however, the data obtained for residue 346 imply that
sulfur. Furthermore, the structure of the caged terbium
S4 movement is either rotation or tilting with little role
is quite different from that of the other fluorophores,
for translation.
and it may energetically prefer a different local microen-
A final piece of evidence in support of rotation is that vironment. Because of these factors, the position and
a helical wheel plot of the region between residues 350 movement of the fluorophore may not exactly track
and 365 shows a pattern of voltage-dependent reorien- those of the residue to which it is attached. For example,
tation that is approximately consistent with a rotation if a fluorophore is lying on a rotating helix, it can either
(Glauner et al., 1999). This is based on five estimates of move toward or away from the central axis of the chan-
distance changes (residues 350, 351, 352, 353, and 356) nel, depending on its angular position relative to the
and two qualitative measurements based on fluores- residue to which it is attached.
cence quenching (residues 359 and 365). Second, if S4 movement produces a systematic
Up to this point, it seems as if there is a satisfying change in the relative orientation of donor and acceptor
agreement between the two papers. But a closer look molecules, this may cause an error in the estimate of
reveals two glaring discrepancies. The first is that depo- distance. Both studies measured anisotropy of the fluo-
larization makes some residues move in different direc- rophores to provide evidence for reasonable rotational
tions in the two papers. For example, residues S351 freedom of their dipoles. Nevertheless, the orientation
move apart and N353 move closer together in Cha et factor can lead to systematic discrepancies between
al. (1999) (Figure 2A). The same two residues move in these studies, in part because different fluorophores
opposite directions in Glauner et al. (1999). Second, the were used.
magnitudes of both absolute and relative distances are Third, the value of R0 depends on estimates of the
completely different in the two studies. For one of many quantum yield of the donor and the spectral overlap of
examples, the distance between S352 residues in adja- donor emission and acceptor absorbance, both of which
cent subunits is either 54 AÊ (Glauner et al., 1999) or 29 AÊ may be sensitive to the local environment of the fluoro-
(Cha et al., 1999). phore. Because of the assumptions underlying these
Let's examine some of the possible sources of the estimates, errors may have a greater consequence on
differences between the results obtained in the two absolute, rather than relative, values of distance. This
studies. Each study has its particular advantages and could account for the fact that distances are uniformly
larger in Glauner et al. (1999).disadvantages. The principal advantage of the study of
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If the S4 segment actually rotates 1808, what changes segment tugs or twists the linkers that connect it to S3
of distance should we expect to observe? If S4 has and S5 segments, and these segments transmit this
a diameter of z10 AÊ , the rotation should move some movement to the S6 segment. Another possibility is that
residues completely across the helix, as shown for resi- S4 and S6 are like entwined lovers. One cannot move
due 353 in Figure 2A, causing a change of 20 AÊ diago- without a compensatory rearrangement of the other. For
nally across the channel. However, Cha et al. (1999) example, S4 rotation may cause S6 rotation, a move-
measure a change of only 1.3 AÊ for this residue, and ment that underlies the gating of a bacterial potassium
Glauner et al. (1999) measure a change of 6.8 AÊ for the channel (Perozo et al., 1999). The answers to these mys-
same residue. Why are these distances so small? One teries will surely unfold with the next episode of confor-
possibility, other than those previously mentioned, is mational studies of voltage-dependent gating.
that S4 rotates more than the S3±S4 linker, where these
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voltages (Figure 1C). This does not eliminate the possi-
bility that S4 rotates. It means that the gating pore also
undergoes conformational changes as the S4 segment
moves. This fact is also apparent from accessibility stud-
ies, which suggest that the length of the gating pore
changes with depolarization (Figure 1C).
What message can we take home about S4 move-
ment? As attractive as it is, the claim for a rotation as
large as 1808 is weak. Furthermore, even if a smaller
rotation contributes to charge movement, it is likely to
be only one of the movements of S4 and the protein
surrounding it. Perhaps the most important conclusion
supported by both studies is that the movements of the
S4 segment are very small, as one might expect for a
conformational change that has to be fast enough to
underlie the gating currents.
The raison d'eÃ tre of an S4 segment is not charge
movement; it is the control of the activation gates at the
bottom of the S6 segments. How are these movements
coupled? One possibility is that movement of the S4
